Nerve growth factor (NGF)-driven differentiation of PC12 pheochromocytoma cells is a well studied model used both to identify molecular, biochemical, and physiological correlates of neurotrophin-driven neuronal differentiation and to determine the causal nature of specific events in this differentiation process. Although epidermal growth factor (EGF) elicits many of the same early biochemical and molecular changes in PC12 cells observed in response to NGF, EGF does not induce molecular or morphological differentiation of PC12 cells. The identification of genes whose expression is differentially regulated by NGF versus EGF in PC12 cells has, therefore, been considered a source of potential insight into the molecular specificity of neurotrophin-driven neuronal differentiation. A "second generation" representational difference analysis procedure now identifies the urokinase plasminogen activator receptor (UPAR) as a gene that is much more extensively induced by NGF than by EGF in PC12 cells. Both an antisense oligonucleotide for the UPAR mRNA and an antibody directed against UPAR protein block NGF-induced morphological and biochemical differentiation of PC12 cells; NGF-induced UPAR expression is required for subsequent NGF-driven differentiation.
In the PC12 pheochromocytoma cell model system, nerve growth factor (NGF) acts as a neurogenic agent, inducing a differentiation program. In contrast, epidermal growth factor (EGF) acts as a mitogen (Greene and Tischler, 1976; Huff et al., 1981; Chao, 1992; Bonni and Greenberg, 1997) . NGF and EGF both rapidly induce the transcription of primary response or immediate-early genes, genes whose transcription requires only the activation of preexisting signaling molecules and transcription factors (Herschman, 1991) . We showed previously that representational difference analysis (RDA) (Lisitsyn et al., 1993) is an effective way to clone genes that are differentially induced by NGF versus EGF in PC12 cells (Vician et al., 1997) .
One advantage of RDA is that it can be iterated; cDNAs for genes known to be preferentially expressed in a given cell population can be added to the "driver" cDNA population, and RDA can be repeated. The previously identified genes enriched in the "tester" cDNA population should be eliminated, and additional amplicons that are elevated in the tester versus driver population should be enriched in the reiterated RDA procedure. We have used a "second generation" RDA procedure to identify additional genes that are preferentially induced in NGF-versus EGF-treated PC12 cells. One of the genes identified in this iterated RDA analysis of NGF-driven neuronal differentiation is the urokinase plasminogen activator receptor (UPAR).
UPAR is a glycosyl-phosphatidylinositol (GPI)-linked membrane protein lacking transmembrane and cytosolic domains (Ploug et al., 1991; Wang et al., 1995) . Until recently, UPAR was considered incapable of transducing extracellular signals across the plasma membrane; its function was thought to be limited to localization of plasminogen activation to the cell surface. This cell surface activity is known to facilitate cellular movement by proteolytic extracellular matrix degradation for tumor cell invasion, chemotaxis, and cellular adhesion (Ellis et al., 1991; Moller, 1993; Gyetko et al., 1994; Sitrin et al., 1996; Xing and Rabbani, 1996; Cantero et al., 1997) . More recently UPAR-mediated activation of intracellular-signaling pathways, including diacylglycerol accumulation (Del Rosso et al., 1993; Anichini et al., 1997) , modulation of cAMP levels (Goretzki and Mueller, 1997) , release of calcium from internal stores (Cao et al., 1995) , and alterations in inositol phosphate turnover (Vilhardt et al., 1999) , have been reported. Engagement of the UPAR also activates expression of immediate-early genes (Konakova et al., 1998) . Interactions of UPAR in cells with a variety of signal transduction molecules, including integrins (Wei et al., 1996 (Wei et al., , 1999 , tyrosine kinases (Resnati et al., 1996) , and serine/threonine kinases (Brodie et al., 1999; Corbit et al., 1999) , have been described. UPAR mRNA expression was demonstrated in differentiating neurons from the dorsal root ganglion of mice (Hayden and Seeds, 1996) , suggesting a possible role for UPAR in neuronal differentiation. In this study, we first show that UPAR mRNA and protein are differentially induced by NGF in PC12 cells. We then use an antisense oligonucleotide directed against the UPAR message and an antibody directed against the UPAR protein to demonstrate that induced UPAR expression is necessary for NGF-induced PC12 cell differentiation.
MATERIALS AND METHODS
Cell culture. PC12 cells were cultured as described in RPM I with 10% heat-inactivated horse serum and 5% fetal calf serum (Vician et al., 1997) . Before all experiments, the cells were rinsed with serum-free DM EM and shifted to serum-free DM EM with high glucose for 24 hr before treatment. NGF and EGF were obtained from Collaborative Biomedical Products (Bedford, M A). C ycloheximide was obtained from Sigma (St. L ouis, MO).
R DA. The RDA subtraction experiments were performed using RNA from low-density, serum-starved PC12 cells treated for 45 min or 1, 2, 3, or 4 hr with either NGF or EGF. RNA was purified, pooled, and poly(A ϩ ) selected using PolyATtract (Promega, Madison, W I). Doubled-stranded cDNAs were synthesized as described previously (Vician et al., 1997) . To maximize the possibility of cloning amplicons from cDNAs of lower abundance, the more highly abundant, previously cloned cDNAs were gel purified and added to 1000 ng of driver cDNA (EGF cDNA): VGF (10 ng), ARC (10 ng), collagenase (2.5 ng), plasminogen activator inhibitor (PAI; 2.5 ng), and transin (1.0 ng). The tester cDNA (NGF cDNA) was unmodified. Tester and driver cDNAs were digested with Sau3a. The restriction fragments were ligated to the L Bgl adapters (Vician et al., 1997) and amplified by PCR to prepare the starting amplicons. Five rounds of RDA followed (Vician et al., 1997) . The beginning driver/tester ratio (H1) was 100:1. The second (H2), third (H3), fourth (H4), and fifth (H5) round driver/tester ratios were 1000, 5 ϫ 10 4 , 5 ϫ 10 5 , and 5 ϫ 10 6 , respectively. After the fifth round of RDA selection the amplicon products were digested with Sau3a and cloned into the pCR II cloning vector (Invitrogen, C arlsbad, CA). Plasmid DNA from 160 individual colonies was digested with EcoRI and analyzed by gel electrophoresis. Five clones with inserts of different sizes were selected. These inserts were gel purified (Qiagen, Valencia, CA). Ten nanograms of each purified insert were pooled and [␣-32 P]dC TP labeled using the L Bgl 20mer as a specific primer. cDNAs from the VGF, transin, collagenase, PAI-1, and M K P-3, genes previously cloned using RDA (Vician et al., 1997) , were also pooled and [␣-32 P]dC TP labeled using a random-priming reaction. T wo separate dot blots, containing all 160 cloned amplicon inserts, were hybridized with either the labeled amplicon inserts or the pooled, previously cloned genes. C lones that hybridized to either mixed probe were eliminated from f urther study. This process was repeated until the original group of clones was reduced from 160 to 40. The 40 remaining clones were subjected to EcoRI digestion, and the products were separated on duplicate 1.5% NuSieve gels. Radioactive probes, synthesized from the NGF-and EGF-induced starting populations of mRNA using both [␣- 32 P]dC TP and [␣-32 P]dATP, were hybridized to the two membranes. After 3 d of hybridization at 42°C, the filters were washed twice at room temperature and five times at 65°C in 2ϫ SSPE and 0.5% SDS. Filters were exposed sequentially to both Kodak X-Omat AR film and Kodak Biomax MS ultrasensitive film to obtain adequate signal. The duplicate Southern blots were then compared for differential signals. T welve of the 40 unknown clones that gave differential signals were sequenced. The DNA sequences obtained were compared with the current version of the nonredundant, updated GenBankϩEMBL database using BlastN (Altschul et al., 1990 ). An amplicon from the UPAR gene was identified in this manner.
Northern blot anal ysis. After treatment, PC12 cells were washed once in PBS and harvested in RLT lysis buffer (Qiagen). Total RNA was purified using RNeasy (Qiagen). Northern blot analysis was performed as described previously (Vician et al., 1997) . The blots were cross-linked using a Stratagene UV cross-linker and hybridized to [␣- 32 P]dC TPlabeled cDNA probes. Quantitation was performed by phosphorimager analysis. The 1.2 kb UPAR rat cDNA was described previously (Rabbani et al., 1994) .
Western blot anal ysis. After treatment, PC12 cells were washed three times in PBS and harvested in SDS-loading buffer (50 mM Tris-HC l, pH 6.8, 100 mM dithiothreitol, 2% SDS, 0.1% bromphenol blue, and 10% glycerol). Samples were boiled for 10 min, and protein concentrations were determined by the Bradford assay. Fifty micrograms of the protein extract were subjected to SDS-PAGE (5% stacking gel and 8% resolving gel), using a Tris-glycine buffer, pH 8.3. The proteins were blotted onto nitrocellulose membranes at 4°C overnight, using a Bio-Rad (Hercules, CA) transfer apparatus. The filters were incubated for 1 hr in PBS containing 0.2% T ween 20 and 10% nonfat milk, washed in 0.2% T ween 20 and 1% nonfat milk, and incubated with either the rabbit anti-rat UPAR IgG directed against the N-terminal end (domains 1 and 2) of rat UPAR (Degryse et al., 1999 ) at a dilution of 1:1000, the mouse anti-rat cyclooxygenase-1 (C OX-1) IgG (C ayman Chemical, Ann Arbor, M I) at a dilution of 1:6000, the rabbit anti-rat Na ϩ channel IgG (Upstate Biotechnology, Lake Placid, N Y) at a dilution of 1:2000, or the mouse anti-rat glyceraldehyde-3-phosphate dehydrogenase (GAPDH) IgG (Chemicon, Temecula, CA) at a dilution of 1:6000 for 1 hr. After three additional washes in PBS containing 0.2% T ween 20 and 1% nonfat milk for 1 hr, the filters were incubated with a secondary antibody (anti-rabbit IgG conjugated to horseradish peroxidase; Sigma) at a dilution of 1:8000. Immunodetection was performed with the ECL reagents (Pharmacia, Piscataway, NJ). The filters were exposed to Kodak X AR-5 film. The specificity of the UPAR antipeptide antiserum has been demonstrated previously (Rabbani, 1998; Degryse et al., 1999) .
Immunofluorescence anal ysis. PC12 cells were plated on collagencoated two-chamber slides (Fisher Scientific, Pittsburgh, PA) and treated as indicated in the legends to the figures. The wells of each slide required a volume of 0.5 ml of growth medium. C ells were prepared for transient transfection as described in Antisense Assay. Cultures were washed twice in PBS and fixed in 2% paraformaldehyde prepared in PBS. The fixed cultures were rinsed in PBS and were f urther washed in PBS with glycine and Triton X-100 (0.1 M glycine and 0.05% Triton X-100 prepared in PBS) for 20 min at room temperature. The cultures were first incubated in normal goat serum (1:20 dilution) for 30 min and then overnight at 4°C with the anti-UPAR antibody at a dilution of 1:100 in PBS with 0.2% T ween 20 (PBS-T). After three 10 min washes with PBS-T, the cultures were incubated for 1 hr with anti-rabbit fluorescein isothiocyanate-conjugated IgG (Sigma) at 1:50 dilution. The cultures were washed three times for 20 min each, dried, mounted in buffered glycerol containing 1 mg /ml paraphenylenediamine, and analyzed with a Z eiss photomicroscope III. E xposures were for 8 sec at a 100ϫ magnification in all cases, using Kodak Tri-X pan 400 film (see Figs. 2, 3) .
Antisense assay. The three-component, 19 nucleotide chimeric antisense oligonucleotide, purchased from Oligos Etc. (Wilsonville, OR), contains a 5Ј exonuclease-resistant RNase H-activating region of 6 nucleotides (phosphorothioate antisense DNA) linked to a region of 13 nucleotides (2Јo-methyl-substituted antisense RNA) and a 3Ј-terminal 3Ј-3Ј-linked "inverted" nucleotide (T) as described by the manufacturer. This chimera is stable against endonucleases. The antisense oligonucleotide sequence used was 5Ј-TC TTCGTAGGAACATCCAA-3Ј, based on nucleotides 693-712 of the rat UPAR-coding sequence (Rabbani et al., 1994) . The corresponding sense oligonucleotide sequence used was 5Ј-TTGGATGTTCC TACGAAGA-3Ј. Both antisense and sense oligonucleotides were HPLC purified. Antisense or sense oligonucleotides were diluted with serum-free DM EM. SuperFect reagent (Qiagen) was added to each oligonucleotide solution (2 l of SuperFect reagent per g of oligonucleotide) to a final volume of 200 l, vortexed for 10 sec, and incubated at room temperature for 15 min to allow the SuperFect reagent-DNA complex formation. The transfection complexes were added to the 100 mm plates to yield a 3 M final oligonucleotide concentration and incubated for 1 hr before the addition of NGF (5O ng /ml). Protein for Western blot analysis and total RNA for Northern blot analysis were prepared as described above.
Neutralizing-antibody assay. The rat UPAR antipeptide antiserum and the control antiserum were diluted with serum-free DM EM and added to the 100 mm plates to yield a 50 g /ml final concentration, and the cells were f urther incubated for 1 hr before the addition of NGF (5O ng /ml). The cells were photographed 24 hr after addition of NGF. Protein for Western blot analysis and total RNA for Northern blot analysis were collected as described above.
Phase-contrast microscopy. For both antisense and antibody inhibition studies, cells were photographed with a Leica phase-contrast microscope, using Kodak TM AX 400 black-and-white film.
RESULTS

Representational difference analysis identifies a UPAR amplicon preferentially induced by NGF versus EGF in PC12 cells
We showed previously that RDA is an effective way to clone genes that are differentially induced by NGF versus EGF in PC12 cells (Vician et al., 1997) . To improve the efficiency of a second generation RDA search for NGF-induced genes, the driver cDNA population (from EGF-treated cells) was "doped" with cDNAs for the genes we identified previously (ARC, collagenase-1, and plasminogen activator inhibitor-1) and for VGF and transin. When the RDA protocol was subsequently performed, the doped amplicons were eliminated from the tester populations in the early rounds. Southern blot analysis showed that by round 5 all of these species were eliminated (data not shown), along with GAPDH and tyrosine hydroxylase. Previously uncloned tester amplicons, present in low abundance, were able to compete successf ully and emerged enriched in the later RDA rounds.
After the fifth RDA round, NGF-enriched amplicons were cloned as described in Materials and Methods, and individual amplicon inserts were sequenced. Sequences were compared with the current version of the nonredundant, updated GenBankϩ EMBL database using BlastN (Altschul et al., 1990 ). An amplicon from the UPAR gene was identified in this manner.
UPAR mRNA and protein are preferentially induced by NGF versus EGF in PC12 cells
To confirm that UPAR is preferentially induced by NGF in PC12 cells and to determine the magnitude and duration of UPAR induction, we analyzed UPAR mRNA accumulation in response to NGF and EGF treatment (Fig. 1 A) . NGF is a much more effective inducer of UPAR expression than is EGF. To be certain that EGF effectively stimulated PC12 cells in this experiment, the filter was stripped and reprobed for TIS8/ EGR1 mRNA. EGR1 is a primary response gene induced by both NGF and EGF (Arenander et al., 1989; DeFranco et al., 1993; Kujubu et al., 1993; Vician et al., 1997) . EGR1 mRNA is effectively induced by EGF. We also examined this set of RNAs for VGF expression. VGF is a primary response gene that is also differentially induced by NGF versus EGF. VGF encodes a protein targeted for secretory vesicles (Possenti et al., 1989) . Finally, the blots were stripped and probed with GAPDH to normalize mRNA levels. Quantitation of mRNAs was performed by phosphorimager analysis (Fig. 1 B) . UPAR mRNA is induced much more by NGF than by EGF. NGF-induced UPAR mRNA levels reach a peak at 2 hr (ϳ9 times the EGF level and nearly 13 times the control level) and remain modestly induced for the 8 hr duration of the experiment. These levels of induction have been observed in a large number of experiments. EGR1 and VGF mRNA levels peak at 0.5 and 4 hr, respectively. UPAR mRNA is also induced by NGF in the presence of cycloheximide in PC12 cells (data not shown); UPAR is a "primary response gene" or "immediate-early gene" whose induction depends only on preexisting signaling components and transcriptional regulators and requires no intervening protein synthesis (Herschman, 1991) .
UPAR protein is also induced by NGF in PC12 cells (Fig. 2) . After NGF stimulation, induction of UPAR protein reaches a peak at 4 hr and remains modestly elevated for the 24 hr duration of the experiment (Fig. 2 A) . UPAR protein expression in response to NGF and EGF was also examined by immunofluorescence (Fig. 2 B) . These data confirm the striking preferential induction of UPAR by NGF relative to EGF. 
UPAR antisense oligonucleotide blocks NGF-directed morphological differentiation of PC12 cells
An antisense phosphorothioate oligonucleotide for UPAR is able to block human monocyte chemotaxis (Gyetko et al., 1994) and adhesion (Sitrin et al., 1996) . We used an oligonucleotide with the corresponding antisense sequence for rat UPAR [nucleotides 693-712 of the rat UPAR-coding region (Rabbani et al., 1994) , corresponding to nucleotides 720 -738 of the human UPAR mRNA (Roldan et al., 1990; Gyetko et al., 1994) ] to investigate the role of NGF-induced UPAR expression in PC12 cell differentiation. We first established the ability of the rat UPAR antisense oligonucleotide to block UPAR protein accumulation in response to NGF in PC12 cells. A nucleotide DNA / RNA chimera antisense oligonucleotide (ASO) that minimizes toxicity to PC12 cells was used (Agrawal and Z hao, 1998a,b) . The corresponding sense oligonucleotide (SO) was used as the control.
Low-density, serum-starved PC12 cells were transfected with UPAR ASO or the corresponding SO and then treated with NGF. E xtracts were prepared and analyzed by Western blot for UPAR and GAPDH protein levels (Fig. 3A) . The UPAR ASO effectively blocks NGF-induced UPAR accumulation. In contrast, the UPAR SO does not effect UPAR induction. Immunofluorescence analysis confirmed the ability of the UPAR antisense oligonucleotide to block NGF-induced expression of UPAR protein (Fig. 3B) .
To examine whether induced UPAR expression is required for NGF-driven differentiation of PC12 cells, we analyzed the ability of UPAR ASO to block the NGF-driven morphological response. UPAR ASO blocks NGF-directed morphological differentiation of PC12 cells (Fig. 4) . In contrast, treatment with UPAR SO has no effect on NGF-directed morphological differentiation.
UPAR ASO blocks expression of genes associated with NGF-driven PC12 cell differentiation
The induced expression of the sodium channel (Toledo-Aral et al., 1995; Hilborn et al., 1997) and COX-1 (Kaplan et al., 1997) accompanies the NGF-induced morphological differentiation of PC12 cells. These proteins, therefore, serve as molecular markers of NGF-driven neuronal differentiation. To examine whether UPAR ASO blocks these measures of NGF-driven neuronal differentiation, extracts of NGF-treated PC12 cells incubated in the presence of UPAR ASO and UPAR SO were assayed for COX-1 (Fig. 5A ) and type II sodium channel (Fig. 5B) expression. UPAR ASO blocks expression of both type II sodium channel protein and COX-1. UPAR SO does not modify sodium channel or COX-1 induction.
UPAR ASO blocks NGF induction of secondary response genes but not primary response or immediate-early genes in PC12 cells NGF treatment of PC12 cells induces expression of a constellation of primary response genes (Herschman, 1991) , which we now know to include UPAR, as a result of the activation of preexisting transcription factors. We first examined whether UPAR ASO blocks induction of immediate-early genes (IEGs) other than UPAR. PC12 cells were treated with NGF and either UPAR ASO or UPAR SO. Cells were harvested 2 hr after treatment, and extracts were analyzed for UPAR, VGF, and EGR1 mRNA levels (Fig. 6 ). As expected, UPAR ASO blocks NGF-induced UPAR mRNA accumulation. However, UPAR ASO has no effect on expression of the other I EGs; these aspects of NGF-induced signaling in PC12 cells are unaffected by blocking UPAR expression.
NGF also induces expression of "secondary response genes," genes whose transcription requires the previous synthesis of IEG proteins. We next examined whether UPAR ASO blocks NGF induction of secondary response genes. The secondary response genes known to be induced most rapidly by NGF in PC12 cells are two metalloproteinases, collagenase-1 (Vician et al., 1997) and transin (also known as stromelysin-1) (Machida et al., 1989) . The mRNAs for collagenase-1 and transin can be detected in PC12 cells as early as 2 hr after NGF treatment (de Souza et al., 1995; Vician at al., 1997) . The Northern blots of Figure 6 were stripped and reprobed to measure the levels of collagenase-1 and transin. UPAR ASO completely prevents NGF induction of both collagenase-1 and transin. NGF-induced UPAR expression, therefore, appears to be required for NGF-driven secondary response gene expression in PC12 cells. As before, the UPAR SO has no effect on NGF-driven gene expression.
UPAR ASO does not prevent induction of gene expression in PC12 cells by NGF-independent signaling pathways
Blockade of UPAR expression might generally interfere with gene expression in PC12 cells, especially at the later times associated with NGF-induced morphological differentiation. We next asked whether blocking UPAR expression prevents all signal transduction in PC12 cells or is restricted to "downstream" signaling in response to NGF.
Another goal of our laboratory has been to identify genes induced in neurons by depolarization or forskolin but not by neurotrophins or growth factors (Vician et al., 1997; Feldman et al., 1998a,b) . Kinase induced by depolarization 1 (KID-1) encodes a protein kinase whose expression is induced in PC12 cells by depolarization or by forskolin but cannot be induced by NGF or EGF (Feldman et al., 1998a) . We used forskolin induction of KID-1 to examine the effect of UPAR ASO on NGFindependent signal transduction pathways. PC12 cells were treated with NGF and either UPAR ASO or UPAR SO for 2 or 22 hr. The cells were then treated with forskolin. Two hours later, cells were harvested, and extracts were prepared. Northern blots were first probed for KID-1 and then stripped and reprobed for collagenase-1. The blot was stripped once again and probed for GAPDH. As expected, UPAR ASO blocks collagenase-1 expression 4 hr after addition of NGF (Fig. 7) . Morphological differentiation at 24 hr is also blocked (data not shown). In contrast, neither 4 nor 24 hr of exposure to UPAR ASO has any effect on the induction of KID-1 by forskolin. Despite their inability to express either NGF-induced secondary response genes or a morphological response to NGF in the presence of UPAR ASO, PC12 cells treated with UPAR ASO are able to mount a normal transcriptional response to forskolin stimulation.
Anti-UPAR antibody prevents NGF-driven differentiation of PC12 cells
Blockade of UPAR expression by UPAR ASO prevents NGFdriven PC12 cell differentiation. UPAR is a cell surface protein. Figure 6 . Antisense oligonucleotide for UPAR has no effect on NGFinduced expression of primary response or immediate-early genes in PC12 cells but blocks induction of NGF-induced secondary response genes. PC12 cells were treated with NGF and sense and antisense oligonucleotides as described in the legend to Figure 3 . C ells were harvested at 2 hr, and RNA was prepared for Northern blot analysis. Blots were hybridized to labeled probes for the primary response or immediate-early genes UPAR, EGR1, and VGF, for the secondary response genes collagenase-1 and transin, and for GAPDH. Each lane contains 8 g of RNA.
We next examined whether an antibody that interacts with UPAR at the cell surface can also prevent NGF-driven PC12 cell differentiation. These experiments provide a second method, independent of antisense effects, to evaluate the requirement for induced UPAR gene expression in NGF-driven PC12 cell differentiation. We first assessed whether anti-UPAR antibody can prevent NGF-driven PC12 cell morphological differentiation. Cells were treated with NGF and either a preimmune serum or antibody to UPAR. Anti-UPAR antibody blocks NGF-induced morphological differentiation (Fig. 8 A) . Anti-UPAR antibody treatment also blocks NGF induction of both C OX-1 (Fig. 8 B) and sodium channel (Fig. 8C ) expression, two biochemical measures of NGFinduced PC12 cell differentiation.
Antisense inhibition experiments suggest that NGF-induced UPAR expression is required very early in the NGF-driven differentiation response. Induction of collagenase-1 and transin, whose messages appear in NGF-treated PC12 cells within 2-4 hr, is blocked by UPAR ASO treatment. We also tested whether antibody to UPAR can interfere with the UPAR-mediated functions required at this early stage of NGF-induced differentiation. PC12 cells were treated with NGF, along with either a control serum or UPAR antiserum. E xtracts prepared 2 hr later were analyzed for collagenase-1 mRNA (Fig. 9) . Treatment with anti-UPAR antiserum prevents NGF-induced collagenase-1 expression (Fig. 9) .
Antibody to UPAR might have a generalized inhibitory effect on gene expression in PC12 cells, especially at later times after exposure of cells to this reagent. To determine whether exposure to anti-UPAR antibody has a general effect on gene expression in PC12 cells, we investigated the ability of cells treated with this antibody to express K I D-1 in response to forskolin (Feldman et al., 1998a ). PC12 cells were treated for either 2 or 22 hr with NGF and either control or anti-UPAR antisera (Fig. 9) . The cells were then treated with forskolin. Two hours later, cells were harvested, extracts were prepared, and RNA was analyzed for KID-1 expression. Either a 4 or 24 hr exposure to anti-UPAR antibody has no effect on the ability of forskolin to induce KID-1 in PC12 cells; the cells are relatively unaffected by UPAR antibody, except in their capacity to differentiate in response to NGF.
DISCUSSION UPAR is preferentially induced by NGF in PC12 cells and is required for NGF-driven differentiation
Our goals are (1) to identify genes that are differentially induced by neurotrophins and (2) to determine which of these genes are required for neurotrophin-driven differentiation. We used previously RDA to identify genes that are differentially induced in Figure 7 . Antisense oligonucleotide for UPAR does not block forskolin induction of the KID-1 gene in PC12 cells. PC12 cells were treated with NGF and sense and antisense oligonucleotides as described in the legend to Figure 3 . Left, At 2 hr after NGF treatment, forskolin was added to the indicated populations of cells. T wo hours later, at 4 hr after the initial addition of NGF and oligonucleotides, the cells for the experiment were harvested, and RNA was prepared for Northern blot analysis. Right, For these cells, forskolin was added 22 hr after the cells were treated with NGF and oligonucleotides. T wo hours later, the cells were harvested, and RNA was prepared for Northern analysis. Lef t, Right, The blots were first hybridized to a KID-1 probe. After autoradiography, the blot was stripped, rehybridized to a labeled probe for collagenase, and again subjected to autoradiography. The blot was stripped a third time, rehybridized to a labeled probe for GAPDH, and subjected to autoradiography for a third time. FORSK, Forskolin. Figure 8 . Anti-UPAR antibody blocks morphological and biochemical differentiation of PC12 cells in response to NGF. PC12 cells were treated with NGF alone or with NGF and either preimmune serum or antibody to UPAR. Antisera were added 30 min before NGF. A, C ells were photographed 24 hr after NGF addition. Magnification, 100ϫ. B, C, Cells were harvested, and extracts were prepared for Western blot analysis. Each lane contains 50 g of protein. B, Western blot of C OX-1 protein is shown. C, Western blot of the type II sodium channel protein is shown. The blots were also probed with antibody to GAPDH for normalization. @-UPAR, Antibody to UPAR; PI or P.I., preimmune.
NGF-versus EGF-treated PC12 cells (Vician et al., 1997) . Using a second-generation modification of RDA, we now report that UPAR is strikingly preferentially induced by NGF in PC12 cells.
UPAR joins a number of other genes, e.g., microtubuleassociated protein regulatory kinase 1 (Brown et al., 1999) and nitric oxide synthase (Peunova and Enikolopov, 1995; Poluha et al., 1997) , that are induced by NGF and are thought to be required for NGF-driven morphological differentiation. However, the differential expression of these genes by NGF has not been explored, and early biochemical and molecular markers of NGFdriven differentiation have not been analyzed.
The earliest secondary gene transcriptional responses that distinguish NGF-driven neuronal differentiation from responses to other ligands in PC12 cells are the induction of transin (Machida et al., 1989) and collagenase (Vician et al., 1997) . Transcription of transin and collagenase is observed in PC12 cells as early as 2 hr after NGF exposure (de Souza et al., 1995; Vician et al., 1997) and is not induced by EGF. Blocking NGF-induced UPAR expression eliminates both transin and collagenase gene expression; NGF-driven UPAR expression and insertion into the membrane are required for continued progression of the NGF-induced differentiation response, even at this very early time.
Both UPAR antisense oligonucleotides and antibody treatment have no effect on the expression of primary response genes other than UPAR, suggesting that the signal transduction pathway(s) from the NGF receptor to activation of transcription factors necessary for NGF-induced immediate-early gene expression is intact. In addition, cells treated with either UPAR antisense oligonucleotides or UPAR antibody are f ully competent to mount a primary gene induction response to a distinct stimulus; these cells are not compromised in their ability to respond to other environmental signals.
NGF-induced UPAR expression is transient, peaking within 4 hr after NGF addition and returning to near baseline levels within 8 hr. Withdrawal of NGF after completion of UPAR expression, however, prevents subsequent morphological differentiation (data not shown). These data suggest that the NGF-induced differentiation response requires, at some point, both a signal that can be delivered only by elevated UPAR present in cells and additional signals generated in a UPAR-independent manner from the NGF-TrkA interaction (Fig. 10) . We conclude that UPAR is an immediate-early gene that is preferentially induced in PC12 cells by NGF and whose expression is necessary for subsequent progression of NGF-driven differentiation.
Possible roles for UPAR induction in NGF-driven neuronal generation
The plasminogen/plasminogen activator/UPAR system has been primarily associated with tissue remodeling in processes such as embryogenesis, tumor invasion, chemotaxis, tissue regeneration, and cellular adhesion (Ellis et al., 1991; Moller, 1993; Gyetko et al., 1994; Xing and Rabbani, 1996; Cantero et al., 1997; Bisgaard et al., 1998; Dear and Medcalf, 1998) . Precedent also exists implicating the enhanced UPAR gene in neuronal differentiation. When murine dorsal root ganglia from early postnatal mice are dissociated and placed in culture, UPAR mRNA levels increase 163-fold over a 20 hr period (Hayden and Seeds, 1996) . These authors suggest that modulation of UPAR levels in DRG neurons may "support a role for the PA system in facilitating axon extension and cell migration during development and regeneration of the PNS."
Although there is an inherent consistency in proposing that NGF-induced UPAR expression plays a role in the early cell and matrix remodeling that initiates axonal outgrowth of differentiating neurons, UPAR expression occurs at a very early stage of NGF-driven PC12 cell differentiation; UPAR is an immediateearly gene. Moreover, blockade of NGF-induced UPAR expression prevents secondary response gene induction occurring only 2 hr after NGF addition. Finally, in the "primed" PC12 cell differentiation system, in which NGF-differentiated cells are sheared and replated (Sano and Iwanaga, 1996; Wu and Bradshaw, 1996) , UPAR antisera and antisense oligonucleotides have no effect on the rapid, protein synthesis-independent regeneration of neurites (data not shown). The data suggest that signaling to the cell nucleus from induced UPAR early in the NGF-induced differentiation response is required for continued expression of the differentiation program. Investigation of the nervous system of mice deficient in UPAR (Dewerchin et al., 1996) should help to clarify the role of UPAR in neuronal differentiation.
UPAR forms signaling complexes in cells and can generate changes in gene transcription
UPAR associates with src family tyrosine kinases (Resnati et al., 1996) , ␤1, ␤2, and ␤3 integrins (Wei et al., 1996 (Wei et al., , 1999 , and PKC⑀ (Brodie et al., 1999) and activates diacylglycerol synthesis (Del Rosso et al., 1993; Anichini et al., 1997) , cAMP formation (Goretzki and Mueller, 1997) , inositol phosphate turnover (Vilhardt et al., 1999) , release of calcium from intracellular stores (Cao et al., 1995) , early response kinase-1 (ERK1) and ERK2 phosphorylation (Tang et al., 1998) , STAT1 phosphorylation (Koshelnick et al., 1997) , and immediate-early gene expression (Konakova et al., 1998) . In human epithelial cells, UPAR coprecipitates with a serine/threonine kinase tentatively identified as PKC⑀, along with two substrate cytokeratins (Busso et al., 1994) . Figure 9 . Anti-UPAR antibody blocks induction of NGF-induced secondary response genes but does not block forskolin induction of the KID-1 gene in PC12 cells. PC12 cells were treated with NGF, preimmune serum, and antibody to UPAR as shown in the figure. Lef t, At 2 hr after NGF treatment, forskolin was added to the indicated populations of cells. Two hours later, at 4 hr after the initial addition of NGF and antisera, the cells for the experiment were harvested, and RNA was prepared for Northern blot analysis. Right, For these cells, forskolin was added 22 hr after the cells were treated with NGF and antisera. T wo hours later, the cells were harvested, and RNA was prepared for Northern blot analysis. Left, Right, The blots were first hybridized to a K I D-1 probe. After autoradiography, the blot was stripped, rehybridized to a labeled probe for collagenase, and again subjected to autoradiography. The blot was stripped a third time, rehybridized to a labeled probe for GAPDH, and subjected to autoradiography for a third time.
Because the cytokeratins are tissue specific, the data suggest that UPAR may form macromolecular signaling complexes that activate associated protein kinase C isoforms to phosphorylate target substrates in a tissue-specific manner.
It is of interest that activation of the M APK and JAK/STAT pathways is required for the induction of collagenase and transin expression in astrocytes and fibroblasts in response to oncostatin M (Korzus et al., 1997) . Like UPAR, the oncostatin M receptor is a GPI-linked molecule, with no cytoplasmic domain, that recruits the JAK /STAT-signaling components.
UPAR activation should provide a means to analyze the molecular mechanisms by which NGF induces a differentiation response
NGF and EGF stimulate similar, but not identical, signaling pathways and induce strongly overlapping, but not identical, sets of immediate-early genes. However, NGF treatment of PC12 cells blocks cell cycle progression and induces differentiation, whereas EGF stimulates proliferation and does not induce differentiation. What are the critical differences in NGF-and EGF-induced signals that result in these different responses? Identification of UPAR as a gene both preferentially induced by NGF and required for NGF-induced differentiation should facilitate the elucidation of specific aspects of NGF signaling required for differentiation.
Several laboratories reported that NGF treatment of PC12 cells leads to sustained activation of the M AP kinase pathway, whereas EGF treatment results in only transient M AP kinase activation (Cowley et al., 1994; Morooka and Nishida, 1998; Yaka et al., 1998; Brodie et al., 1999) . Using constitutively activated and dominant-negative M AP kinase kinase mutants, Cowley et al. (1994) report that activation of M AP kinase kinase is necessary and sufficient for PC12 cell differentiation. However, it is not clear how the sustained activity of M APK K in NGF-treated PC12 cells is converted into a differential gene expression program causal for neuronal differentiation.
One explanation for the difference in the response of PC12 cells to NGF and EGF postulates a role for sustained phosphorylation of CRE-binding protein (CREB) in response to NGF, as opposed to transient phosphorylation of CREB in response to EGF, and subsequent activation of secondary response genes. In this model, both NGF-induced immediate-early response genes and activated CREB are required for continuation of NGFmediated differentiation. Both components-the IEGs and activated CREB-are present in response to NGF, but not EGF, because of the sustained activation of CREB in response to NGF (Bonni et al., 1995; Finkbeiner et al., 1997; Deak et al., 1998) . Although this model can account for differences in secondary response gene expression in response to NGF versus EGF, it does not explain the preferential induction by NGF of primary response genes such as PAI-1, VH6/MKP-3 (Vician et al., 1997) , and UPAR. Corbit et al. (1999) reported recently that ERK activation in PC12 cells is accomplished by distinct pathways in response to NGF and EGF; ERK activation by NGF is mediated by PKC␦, whereas ERK activation by EGF is PKC␦ independent. Moreover, antisense or pharmacological inhibition of PKC␦ activity blocked both NGF-induced ERK activation and morphological differentiation. Using both overexpression of an activated PKC⑀ isoform and expression of a dominant-negative form of PKC⑀, Brodie et al. (1999) implicated PKC⑀ in NGF-induced PC12 differentiation. Unfortunately, neither study investigated the role of PKC␦ or PKC⑀ in the NGF-induced expression of primary or secondary response genes. Consequently, it is not clear where in the NGF-induced differentiation pathway PKC␦ and PKC⑀ activity is required. For example, PKC␦-dependent differential activation of ERK could result in NGF-enhanced activation of UPAR expression. PKC⑀ activation by UPAR, after NGF induction, could be causal in the subsequent differentiation response (Fig.  10) . Characterizing (1) the signal transduction pathways required for NGF-induced UPAR expression, (2) the components of the UPAR gene that confer NGF inducibility, (3) the signaling pathways from elevated UPAR in NGF-treated cells, and (4) the secondary response genes dependent on elevated UPAR expression should help to clarify the mechanism of neurotrophin-driven neuronal differentiation. Figure 10 . NGF-driven differentiation of PC12 cells requires a signal(s) generated from the UPAR immediateearly gene product. NGF binding to its receptor activates a signal transduction pathway(s) that preferentially induces UPAR expression (short brok en and thick solid lines), as well as a pathway(s)-shared by EGF-that induces other immediate-early genes (thick solid line). Induced UPAR protein is incorporated into the cell membrane, where it generates a signal (short broken line), along with other primary response genes (thin solid line), that is required for the induction of secondary response genes such as collagenase-1 and transin. Continued progress along the NGF-induced differentiation pathway requires both a signal(s) generated from the induced UPAR protein and additional signals that continue to be generated by the NGF-TrkA complex. As described in the text, PKC␦ may modulate the NGF-restricted signal transduction pathway (Corbit et al., 1999) , leading to the differential expression of UPAR observed in response to NGF versus EGF. MAPKK, M AP kinase kinase.
